The heavy rainfall over Japan in the Baiu season is usually associated with a well-developed low-level jet stream. The relation between the heavy rainfall and the low-level jet is here examined over southwest Japan throughout the Baiu season of 1968.
Introduction
Many important evidences on the structure and behavior of the low-level jet stream have been accumulated through various observational and analytical studies. These evidences suggest that there are two kinds of low-level jet stream. One appears in the lowermost layer of the atmosphere and shows remarkable diurnal variations. The formation of the low-level jet of this type is explained as a boundary layer problem and attributed to the influence of large-scale topography such as the Rocky Mountains and the African Continent (WExLER, 1961; BONNER, 1968 ; FINDLATER, 1969) . The other, which appears in the layer between about 600 and 900-mb, is closely relatd to severe convective phenomena (BEEBE and BATES, 1955) . Heavy rainfalls over Japan, which occur within the Baiu Front*, are usually associated with the second type of low-level jet stream. Funi, SHIBAYAMA, MUKADE and TANAKA." say in their synoptic study on heavy rainfalls over Japan that 16 cases out of 20 cases of heavy rainfall during the Baiu seasons of [1964] [1965] [1966] [1967] are accompanied by a remarkably developed low-level jet stream. In their detailed case studies, based on the data from the Experiment of the Severe Rainstorms Research Project, MATSUMOTO etal. (1971) and emphasized the physical relation between the low-level jet stream and heavy rainfall and proposed a dynamic model of the lowe-level jet circulation.
It is also necessary to examine the relation in a statistical way. IVIATsumoTo (1973) calculated the correlation coefficient between the lower tropospheric wind speed. at a certain aerological station in the Kyushu District***and the amount of precipitation over various areas in that District, and showed that the maximum correlation is found for the precipitation in the area 100 km north of the station****.
In her extensive studies on the large-scale aspect of the Baiu Front over the Far East, AKIYAMA (1973a and b) described the characteristic features of the Baiu Front mainly by analyzing 5-day mean fields of various meteorological elements throughout the Baiu season of 1968. She mentioned that the mean low-level jet axis runs along the south side of the zone of maximum precipitation and of maximum cloudiness.
The present study is a continuation of those previous studies and aims to examine the spatial relation between the convective activity in the Baiu Front and the lowlevel jet stream in more detail over the southwestern Japan Islands for the Baiu season of 1968.
Brief description of the Baiu Front and low-level jet over the Far East
Prior to detailed analysis, let us begin with a brief description of the low-level jet stream in the Baiu frontal zone over the Far East. In order to indicate the relation between the Baiu Front and low-level jet, the distribution of 5-day mean cloudiness, which is obtained from daily ESSA-5 digitized 1/4 northern hemisphere mosaicked cloud pictures, is compared with the 5-day mean wind velocity field at 850-mb throughout the Baiu season in 1968. As an example of these mean maps, the mean map for June [16] [17] [18] [19] [20] 1968 is presented in Fig. 1 . In the figure, the thin stippled area indicates the zone of maximum cloudiness where the mean cloudiness exceeds 4/10. This zone approximately corresponds to the zone of maximum precipitation (indicated by the densely stippled area), where the rainfall amount exceeds 50 mm/5 day. These zones correspond to the Baiu Front which brings about persistent heavy rainfalls over the * In the early summer rainy season a stationary front extends from the southern part of the China Continent to the Northern Pacific along the northern border of the tropical and sub-tropical monsoon air mass. ** Reported at the meeting of the Japan Meteorological Agency in February 1968 . *** Southwestern part of the Japan Islands . **** This suggests that the largest amount of precipitation is observed to the north of the jet stream. ***** The maximum amount of 5-day mean precipitation over southwestern Japan is as much as 450mm/5 day. 3. The spatial relation between the low-level jet stream and cloud zone
In this section we will examine the spatial relation between the low-level jet and cloud zone by using daily data. To the quantitative description of the cloud zone, the use of the cloud brightness map is more adequate than the use of the cloud picture. The cloud brightness map is obtained from ESSA-5 cloud pictures with the aid of an optical device called "Phosodac". In the present analysis, the cloud areas on the cloud brightness map thus obtained are classified into three areas according to the levels of brightness, i.e., the thin, the bright and the very bright cloud area. Although the brightness map is available for the whole area of the Far East, we intend to study the situation along 130E meridian, because the several aerological stations which are located along this meridian enable us to determine precisely the position of the lowlevel jet stream. Presented in the upper figure of Fig. 2 is the time section of the cloud brightness along 130 E for the analyzed period from June 16 to July 15, 1968. The cloud belt with a width of several hundred km on the time section, of course, corresponds to the Baiu Front which lies persistently over the southwestern Japan Islands during this season. One may see, at once, the wavy configuration of the cloud zone on the time section. A comparison with the 500-mb weather maps reveals that the wavy variation (i.e., the spatial fluctuation in the meridional direction) is associated with the migratory long wave.
The very bright cloud area is superimposed on the time section of zonal wind speed at the 800-mb surface in the lower figure of Fig. 2 . It is clearly seen that the axis of the 800-mb strong wind, i.e., the axis of the low-level jet stream runs always just along the south edge of the very bright cloud area. Since the very bright cloud areas are considered to be an area of very active convections, it may be said that even on the daily field there exist convective areas mostly to north of the low-level jet axis as seen on the 5-day mean field in the previous section.
In order to show the features mentioned above in a statistical manner, the frequency distribution of the very bright cloud areas relative to the axis of the 800-mb jet stream is obtained from Fig. 2 and shown in Fig. 3 . The maximum frequency is found at the distance of 200 km north of the low-level jet axis. On the contrary, the very bright cloud does not appear farther than 200 km to the south of the jet axis.
4. Spatial relation between the low-level jet stream and the heavy rainfall area
The amount of precipitation is a good indicator of the activity of cumulus convections. Let us study in this section the distribution of rainfall in the vicinity of a low-level jet stream.
The time section of the amount of daily precipitation along 130 E meridian is made by using data from rain-gauge stations over Kyushu and Nansei Islands and presented in the lower figure of Fig. 4 . The rainfall zone on the time section, in which the rainfall amount exceeds 10 mm/day, almost coincides with the zone of the bright and very bright cloud in Fig. 2 and exhibits a wavy configuration similar to that of the cloud zone. This large-scale wavy configuration of the rainfall zone is apparently associated with the long wave in the upper westerlies.
It should be noted that the area of heaviest rainfall, i.e. more than 100 mm/day, which is indicated by dense stipples, does not necessarily coincide with the very bright cloud area. This would be due to the fact that the heavy rainfall, which is a relatively short-lived mesoscale phenomenon, is not necessarily observed on ESSA cloud pictures, because they are taken only once a day.
The upper figure of Fig. 4 shows the relation between the 800-mb zonal wind speed and the area of heavy rainfall, i.e. more than 50 mm/ day (indicated by thin stipples) . The heavy rainfall zone usually spreads from just under the low-level jet axis to the north side of it. The movement of the former closely follows that of the latter.
Let us summarize the situations described above in a statistical presentation. Fig. 5 is the frequency distribution of heavy rainfalls (more than 50 and 100 mm/day) along 130 E meridian relative to the axis of the low-level jet stream.
It is evident from this figure that areas of heavy rainfall exceeding 100 mm/day are confined to the zone between 100 km south of the jet axis and a few hundred km north of it. The maximum frequency is found 100 km north of the jet axis. It should be concluded that heavy rainfall seldom occurs farther than 200 km to the south of the jet axis.* Although the intimate relation between the low-level jet stream and heavy rainfalls is morphologically evident from the results of analysis, it is still controversial whether the low-level jet stream causes heavy rainfall or active convections cause the intensification of low-level wind. We will discuss this problem in the next section by analyzing the wind profile over the heavy rainfall zone.
Characteristic wind profile of the low-level jet stream and relevant vertical circulation
As pointed out in case studies and mean field analyses of the low-level jet, the vertical wind profile of the low-level jet associated with severe convective phenomena * In the present study we investigate only the spatial relation in the north-south direction between the heavy rainfall zone and the axis of the low-level strong wind zone, ignoring the curvature of the jet axis and the position of the wind maxima in the east-west direction. Fig. 5 indicates that a few cases of heavy rainfall occur to the south of the jet axis. These occurrences may be explained by considering the curvature of the jet and the position of the wind maxima as was discussed by BEEBE and BATES (1955) . such as heavy rainfall or heavy snowfall is characterized by a strong vertical wind shear within the lower layer below the low-level jet core and by the significantly uniform wind speed throughout the deep convective layer above the core (MATSUMOTO et al., 1967 AKIYAMA, 1973a b) . This characteristic feature of the profile suggests that the mixing of the horizontal momentum due to convective motions results in the increase of the low-level wind speed and the decrease of the upper westerlies. Now we will examine the vertical profile of the low-level jet in the present case. Although the characteristic profile mentioned above is more or less commonly observed for various cases of heavy rainfall, the profile of each case exhibits a fairly complicated wind distribution.
Three vertical cross sections of wind speed along 130 E meridian are presented in Fig. 6 as examples of the low-level jet profile for the analyzed period. It is clearly seen, in any case, that there is a low-level jet core at about 800-mb and a layer of strong vertical shear below the core. The rainfall zone, indicated by hatches, spreads northwards from just under the jet core. The wind speed in the layer above the jet core, however, is not so uniform.
It is difficult to fully explain this complicated profile at a particular time only by the process of vertical mixing* of momentum due to convective motions. The fundamental and/or common characteristics of the low-level jet profile will evidently be abstracted by making the time averaged mean profile for a proper period, because the superimposed temporal fluctuations will be filtered out by the procedure of time average. For this purpose, 5-day mean wind profiles at Naze (47-909, see the station map in the lower figure of Fig. 4) is presented in Fig. 7 as an example*. The profile of the mean zonal component of the observed wind (solid line) evidently indicates the fundamental character of the low-level jet stream, i.e., there is a strong shear below the jet core, while the shear above the core is very weak, or, in other words, the wind speed is almost uniform above the core.
It is sometimes pointed out that the wind field of such a low-level jet over a heavy rainfall area indicates an ageostrophic character.
As seen in Fig. 7 , the zonal component of observed wind evidently deviates from that of the geostrophic wind** (dashed line). Comparing the two profiles in Fig. 7 , one can easily find that the actual shear above and below the jet core is unbalanced with the geostrophic one in the reverse sense. Such unbalanced situation around the low-level jet is always recognized in any case of heavy rainfall periods throughout the analyzed period.
At the end of this section, we will refer to the dynamic model of the low-level jet circulation proposed by .
According to their *:since this station is located on the Nansei Islands in the sea area of southwestern Japan , the topographic influence of the Japan Islands on the wind field will be relatively weak. **The zonal component of geostrophic wind is calculated objectively from the geopotential at four aerological stations (Kagoshima, Kadena, Minami-daito-jima and Tango) which enclose Naze as where 95i (i =I, ..• • -4) indicates the geopotential at the station and (xi-x) indicates the distance in the west-east direction between station i and i+1. Since the calculated value would stand for the geostrophic wind velocity at the mass center of the area and the mass center is very close to Naze, it would be proper to compare the observed wind velocity at Naze with the geostrophic wind calculated from the geopotential at four aerological stations. theory, the unbalanced situation in mass and motion field necessarily accelerates the vertical circulation around the low-level jet for the adjustment of the unbalance as indicated by heavy lines in Fig. 8 . If once this circulation is induced, a convergence field is generated in the lowermost layer on the north side of the low-level jet and, consequently, the convective activity is maintained there.
On the other hand, the development of convection results in the increase of the ageostrophic wind in the lower layer through the process of convective mixing and maintains the unbalanced situation in mass and motion field. This would be the reason why the heavy rainfall area is usually confined to the north side of the low-level jet axis.
Concluding remarks
The results of the analysis of the relation between the heavy rainfall and the low-level jet stream in the Baiu Frontal zone are summarized as follows : 1) The zone of active cumulus convections in the Baiu Front, which is indicated as the bright cloud zone on E SSA cloud pictures, is most frequently distributed along the north side of the low-level jet axis. 2) The low-level jet appears along the heavy rainfall area ; expressed inversely, heavy rainfall is brought about in the vicinity of the low-level jet.
3) The maximum rainfall area is confined within the region from just under the jet core to 200 km north of it. Heavy rainfall seldom occurs more than 200 km to the south of the jet axis. 4) The fundamental vertical profile of the low-level jet is characterized by uniform wind velocity throughout the thick convective layer above the jet core. This indicates the vertical mixing of momentum due to convective motion within the heavy rainfall area. 5) The unbalanced situation in mass and motion field around the low-level jet is revealed by a comparison of the observed wind shear with the geostrophic wind shear. 6) The frequent occurrence of heavy rainfall along the north side of the low-level jet is well explained with the dynamic model of the low-level jet circulation proposed by .
